Climate scenarios for Slovenia suggest an increase in the mean annual temperature by 2°C over the next six decades, associated with changes in the seasonal distribution of precipitation. European beech is an ecologically and economically important forest species in Europe, so it is important to understand the influence of changing conditions on its phenology and productivity for the upcoming years. We hypothesise that the ongoing warming and reduction in precipitation during the growing season will shorten the period of xylem development, thus limiting beech growth in the next decades. Xylem formation was monitored weekly from 2008 to 2016 at two sites in Slovenia. Onset and cessation of cell enlargement and secondary wall formation, as well as xylem growth, are used to evaluate climate-growth relationships by means of partial least squares regression and to predict xylem formation phenology and annual xylem increments under climate change scenarios. A positive correlation of spring phenological phases with March-May temperatures is found. In contrast, autumn phenological phases show a negative correlation with August and September temperatures, while high temperatures at the beginning of the year delay growth cessation. According to the selected climate change scenarios, phenological phases may advance by 2 days decade-1 in spring and delay by 1.5 days decade-1 in autumn. The duration of the growing season may increase by 20 days over the next six decades, resulting in 38 to 83% wider xylem increments. The growth of beech is expected to increase under a warming climate in the sites characterised by abundant water availability.
Introduction
Climate observations over the past five decades in Slovenia show a decrease in precipitation by 3-6% decade −1 , associated with a warming of 0.15 to 0.36°C decade −1 . The increase in temperature was more pronounced in spring and summer and almost twice those measured in neighbouring countries . The trends are in agreement with predictions of an increase of 2°C in the annual temperature in Slovenia over the next six decades (IPCC 2013) . For precipitation, significant changes are expected in distribution rather than the amount, with precipitation mostly falling in winter, inducing drought stress during summer (Jacob et al. 2014) .
European beech (Fagus sylvatica L.) is a common and widely distributed European species (von Wühlisch 2008) growing on sites with diverse climatic conditions (Martinez del Castillo et al. 2016 ). Due to its abundance, favourable effect on the environment and varied usage, beech is a highly ecologically and economically significant species in Europe (Geßler et al. 2007 ). Climate change might not only affect the productivity of beech stands but also their composition and distribution (Poljanec et al. 2010) . At the latitudinal and altitudinal limits of distribution of the species, climate change may also affect its survival (Stojnić et al. 2018) . Studies on the impact of changing environmental conditions are thus essential (I) to understand changes in wood production, (II) to evaluate shifts in species distribution (e.g. competitive balance among species) (Peñuelas and Boada 2003; Vitasse et al. 2011) , (III) to predict future evolution and ecological consequences over time (Rossi et al. 2014 ) and (IV) to support forest adaptation in order to increase the efficiency of current forest management strategies (Vilà-Cabrera et al. 2018) .
Due to its climatic sensitivity, beech is a widely used species in phenological (Čufar et al. 2012; Menzel et al. 2015; Menzel et al. 2006; Vitasse and Basler 2013) and dendroecological studies (Čufar et al. 2008a; Di Filippo et al. 2007; Dittmar et al. 2003 ; Lebourgeois et al. 2005) . While changes in leaf phenology associated with global warming provide valuable information about the duration of the vegetation period (Menzel et al. 2006; Rohde et al. 2011) , xylem ring width series or wood formation patterns can be used to evaluate future forest productivity (e.g. Rossi et al. 2016; Schweingruber 1989) . However, the variations in leaf and cambial phenologies of beech are not necessarily synchronous (Čufar et al. 2015) , which may be explained by different climatic factors driving the growth of these two meristems. The main advantage of wood formation studies is the high temporal resolution of the data, which enables a precise insight into xylem growth duration (i.e. the onset and cessation of cambial cell production, xylem cell enlargement), the dynamics of xylem ring formation and timing of biomass accumulation (i.e. beginning and cessation of secondary cell wall deposition and lignification) (e.g. Gričar et al. 2014; Rathgeber et al. 2011; Rossi et al. 2006b ). Such information is crucial for determining the intra-annual dynamics of carbon sequestration in trees (Cuny et al. 2015) .
Long-term monitoring of wood formation allows quantification of the relationship between environmental factors and xylogenesis, as demonstrated for instance by a meta-analysis of conifer data collected across the northern hemisphere in the past decade (Rossi et al. 2013) . Such long chronologies of xylogenesis data for deciduous species are still rare. For European beech, wood formation data of > 3 years, to the best of our knowledge, only exists in Slovenia (Prislan et al. 2018; Prislan et al. 2013) , Czech Republic (Giagli et al. 2016) , Spain (Martinez del Castillo et al. 2016) and Romania (Semeniuc et al. 2014) . The high variability of xylem phenology among the aforementioned sites demonstrates the high plasticity of this species. Temperature seems to be the main factor affecting the duration of the cell production period, which was also confirmed by Oladi et al. (2011) in Fagus orientalis. Martinez del Castillo et al. (2016) clearly demonstrated that the duration of cell production was shortest on warm and dry sites at the southern distribution limit of beech in northern Spain, indicating that water availability is important for the wood formation of beech in drought-prone environments. Premature cessation of cambial cell production and narrower growth rings in beech due to summer drought was also observed by Giagli et al. (2016) on a forest site in Czechia.
Unique 9-year monitoring of xylem formation was performed for European beech from 2008 to 2016 in Slovenia. In this study, we used this dataset to (i) identify the environmental drivers of xylem growth and (ii) predict the phenology of xylem formation and xylem ring width under future climate change scenarios. We posed the hypothesis that the ongoing warming and decrease in precipitation predicted to occur during the growing season will shorten the period of xylem development. Such a shorter duration of the growing season will result in narrower xylem increments of European beech in the next six decades.
Material and methods

Study sites
The study was conducted at two beech (Fagus sylvatica L.) forest sites at different altitudes: Panska reka (hereafter PAN), located near Ljubljana, and Menina planina (MEN), located in the Kamnik-Savinja Alps (Table 1, Fig. S1 ). The study site PAN is of the Hacquetio-fagetum typicum forest type with F. sylvatica (67%), Acer pseudoplatanus and Picea abies. Whereas the study site MEN is of the Abieti fagetum prealpinum typicum forest type containing F. sylvatica (70%), followed by Picea abies and Abies alba. At both sites, there are mixed uneven-aged forests managed with sustainable forest practises. At MEN and PAN, the rock type is dolomite and limestone while the soil is classified as dystric cambisols and rendzic leptosols, respectively. A detailed description of the sites is given in Prislan et al. (2013) .
Weather data for PAN were obtained from the meteorological station Ljubljana-Bežigrad (46°03′N, 14°30′E, 299 m a.s.l.) of the Environmental Agency of the Republic of Slovenia, located in a nearby site with similar environmental conditions. A weather station was installed in 2008 in a forest gap at MEN, approximately 2 m above the ground, recording air temperature and precipitation at hourly intervals. Daily minimum and maximum temperatures and daily sums of precipitations were calculated from the weather time series.
Between 2008 and 2016, the mean annual temperature was 7.2°C at MEN and 11.8°C at PAN (Table 1, Fig. S1 ). The coldest year was recorded at both sites in 2010, with mean annual temperatures of 6.0°C and 10.7°C at MEN and PAN, respectively. The warmest year occurred (Rossi et al. 2006a ). The samples were collected at breast height (1.3 m) following a spiral up the stem. To avoid wound effects, sampling locations were separated by 10 cm and each third year, new trees were selected at the same site for sampling. Each microcore contained phloem, vascular cambium and at least two of the last-formed tree rings. The collected samples were embedded in paraffin, and 8-12 μm thick sections were cut with a rotary microtome and stained with a water solution of safranin and astra blue ). The prepared cross-sections were observed under a light microscope using transmission and polarised light. Histometrical analyses were performed with a digital camera and image analysis system, at 4-and 10-times magnification, respectively.
Analysis of xylem phenology
The width of the current xylem increment was measured in three radial rows in each histological section. The day of the year (DOY) was recorded for the phenological phase of xylem formation, which included (1) beginning of cell enlargement (BE), (2) beginning of secondary wall formation (BW), (3) first mature cells (BM), (4) cessation of cell enlargement (CE) and (5) cessation of xylem differentiation (CW) ). The first three phenological phases (BE, BW and BM) occur in spring, i.e. beginning of cambial cell production and xylem cell differentiation. Autumnal events, i.e. cessation of cambial cell production and end of growth, are represented by CE and CW, respectively (Fig. S2 ). The final xylem ring width (XY-w) was calculated as an average of measured increments after cessation of cambial cell production. Growth curves (Gompertz functions) calculated for each tree in each year were used to calculate the date of maximum cell production (TIP) (Rathgeber et al. 2018 ).
Modelling xylem phenology and radial growth by means of PLS regression
Partial least squares (PLS) regression was used to evaluate the relationships among the abovementioned phenological phases, xylem ring width and the monthly weather conditions. By combining features from the principal component analysis (PCA) and multiple linear regression, PLS is particularly useful when the variables exhibit multicollinearity (e.g. Li et al. 2002) , which is the case with subsequent interrelated phenological phases and monthly weather conditions. Predictions are achieved by extracting a set of orthogonal factors from the predictors, called latent variables, which have the best predictive power (Abdi 2010) . The PLS procedure implemented in the JMP 13 software (SAS Institute Inc., USA) was used for the analysis.
A nonlinear iterative partial least squares (NIPALS) model fitting algorithm was used to build the model with the leave-one-out cross-validation method. The optimum number of PLS factors (latent variables) was identified using the minimum root mean PRESS. Monthly maximum and minimum temperatures and the sum of precipitation from the previous October to the actual December were considered to be predictors of the model. Phenological phases and xylem ring widths computed as yearly averages were included as dependent variables.
To build a model that explains the highest proportion of variation of the dependent variables, a two-step approach was applied (e.g. Cox and Gaudard 2013) . In the first step, all predictors were included, to evaluate their relevance in the model based on calculated correlation coefficients (CC) and variables of importance in the projections (VIP). In general, a predictor's coefficient represents the variable importance in predicting response, while VIP represents its importance in determining the PLS projection model for both predictors and responses (e.g. Cox and Gaudard 2013) . According to Wold (1995) , predictors with VIP < 0.8 and correlation coefficients close to zero (i.e. between − 0.02 and 0.02) were removed from the model. In the second step, the model was recalculated based on the remaining predictors and evaluated by comparing the observations with the predicted values. The goodness of prediction (Q 2 ) and goodness of fit (R 2 ), as well as the root mean square error in prediction (RMSE) and relative error of prediction (REP), were calculated (Luss et al. 2015; Nguyen and Lee 2006) . The performance of the model was validated on three random years that were excluded from the model training. The procedure was repeated six times with different years. Observations and predictions were compared using the set of the abovementioned statistics.
Climatic scenarios and model application
The final model was applied to predict phenology and xylem growth under the future climatic scenarios established by the EURO-CORDEX project (Jacob et al. 2014 ). The predictions are based on moderately conservative scenarios (RCP 4.5, which assumes significant mitigation measures on greenhouse gas emissions) for the next six decades (Table S1 ). Overall, the scenarios predict a warming of the annual mean temperatures by 2°C by the middle of the century. In the next 60 years, precipitation is expected to increase by 20%, mostly in winter and autumn, while summer precipitation will decrease by 20%.
Results
Xylem formation
BE occurred in mid-April (DOY, 109 ± 5) at PAN, and approximately 1 month later (DOY, 135 ± 7) at MEN. On average, BW and BM were observed 15 and 48 days after BE, respectively. TIP was observed in mid-June (DOY, 156 ± 13) at MEN and 2 weeks earlier (DOY, 170 ± 11) at PAN (Table 2) . CE was observed in the first half of August; a week earlier at MEN (DOY, 217 ± 14) than at PAN (DOY, 224 ± 13). CW was observed at the beginning of September at both MEN (DOY, 245 ± 10) and PAN (DOY, 248 ± 10). Growth rings were on average 2.3 times wider at PAN (2074 ± 929 μm) than at MEN (920 ± 428 μm) ( Table 2) .
The narrowest growth rings were observed at PAN in 2013 (902 ± 303 μm) and at MEN in 2011 (411 ± 174 μm). The widest growth rings were observed in 2009 at PAN (3644 ± 1664 μm) and in 2016 at MEN (1484 ± 973 μm). The longest growing season (i.e. the largest difference between CW and BE) was observed at both sites in 2014 (162 days at PAN and 135 days on MEN), while the shortest growing season occurred at MEN in 2011 (102 days) and at PAN in 2012 (127 days).
Modelling climate-growth relationships
The first model was produced with 39 predictors, including monthly minimum and maximum temperatures and the monthly sum of precipitations. Fifteen predictors were excluded due to low VIP values or correlation coefficients close to zero. Low VIP or correlation values were observed for most precipitation data, except for January, February, May and August. For the same reason, mean monthly maximum and minimum temperatures from the beginning and end of the growing season were also excluded. The model was recalculated with seven dependent variables (responses) and 24 predictors. Based on the cross-validation procedure, the best prediction is achieved with two latent variables (principal components) ( Table 3 ). The established model explains 73 and 71% of X (independent) and Y (dependent) variables, respectively.
For BE, BW and BM, the highest negative correlations are found in spring, with maximum (April and May) and minimum (March-June) temperatures. Precipitation in May and August show positive correlations with the abovementioned phenological phases. Thus, the beginning of growth occurs later under colder temperatures and higher precipitation in the abovementioned months. The phenological phases representing growth cessation (CE and CW) and xylem production (XYw) show a high negative correlation with maximum temperatures at the end of summer (August and September) and positive correlation with minimum temperatures between the previous autumn and the current spring (October, December, February and March). High correlations are also observed with precipitation at the beginning of the year (January and February) and in summer (August) (Fig. 1) . Maximum temperatures in spring (April and May), minimum temperatures in both spring and summer (April, May and August) and also in the previous autumn (October and December) and precipitation in February are characterised with VIP > 1, proving that they are important determinants for xylem formation phenology and final xylem ring width (Fig. 1) .
Model validation
Due to differences in spring phenology (i.e. BE, BW and BM) between MEN and PAN, actual data are distributed in two distinct groups (Fig. 2) . Data of phenological phases in autumn (CE and CW) and XYw are evenly distributed along the regression line. In both cases, the studentized residuals are homogeneously distributed around zero. The best fit with observations occurs for the phenological phases at the beginning of the growing season (BE, BL and BM), with R 2 > 0.8 (Table 3 ). In the middle and at the end of the growing season, the best fit is observed for TIP (R 2 = 0.68) and CW (R 2 = 0.78), while the lowest R 2 is observed with CE (R 2 = 0.43), which also shows the highest RMSEP ( Fig. 2 and Table 3 ). The six tests evaluating the performance of the model produced similar results between the different runs (Table S2) . The model achieves good predictions for BE, BW and BM in training (R 2 of 0.78-0.95) and validation set (most R 2 ranged between 0.59 and 0.81, except for one test with 0.38). The lowest R 2 is observed for CE, ranging between 0.38 and 0.54 in training and between − 1.07 and 0.21 for validation. The REP values of all phenological phases varies between 1.7 and 5.6% in training and between 1.6 and 9.2 in validation. For xylem width, R 2 was 0.48-0.67 in training and 0.20-0.46 in validation (Table S2) .
Model application
A separate evaluation of changing weather factors (maximum or minimum temperatures or precipitations) in the model demonstrates their different impact on phenology and xylem ring width. As indicated by the regression slopes (Fig. S3) , changes in minimum temperatures results in pronounced changes of xylem phenology and xylem ring width (Fig. S3) . BE advances by 1.40 days decade −1 and CE delays by 1.39 days decade −1 . Precipitation and maximum temperatures have the least pronounced effect on the phenological phases and final ring width (XYw). Warming (increase of maximum temperatures) produces advancements of 0.64 day decade −1 for BE and a delay of 0.31 day decade −1 for CE.
When considering the overall impact of all changing weather factors, the model estimates the most pronounced changes at the beginning of the growing season. Over the next six decades (until the middle of the century), BE, BW and BM may be observed on average 12 days earlier, while CE and CW may be observed 8-11 days later (Fig. 3a) . The smallest effects are estimated for TIP, changing only by around 0.35 days decade −1 at MEN and PAN. The duration of the growing season is estimated to increase by around 20 days at both sites over the next six decades, resulting in a final xylem width larger by 83% at MEN and 38% at PAN (Fig. 3b, Table S3 and Fig. S4 ). Fig. 3 Spring and autumn phenological phases (a) and xylem ring width (b) predicted for the next six decades at the forest sites MEN and PAN by applying the selected PLS model. a The data points in each decade present variation in beginning of enlargement (BE), wall formation (BW) and cell maturation (BM) as well as day of maximum cell production (TIP), cessation of cell enlargement (CE) and cessation of xylem differentiation (CW) due to changes in weather conditions. The decade "zero" presents the decade in which the wood formation monitoring was performed (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , whereas decades "one" to "six" represent variations as predicted by the PLS model based on the selected climate change scenario. b Variation in xylem ring width during the sampling period (2008-2016; decade "zero") and predictions for the next six decades
Discussion
Climate-growth relationships and wood formation under climate change
We used PLS regression to evaluate the relationship between xylem growth and weather conditions. The resulting model was used to predict xylem phenology and tree ring width over the next 60 years based on climate-change scenarios. The phenological phases of wood formation show two distinct patterns: (i) spring phases (i.e. BE, BW and BM) and (ii) autumn phases (i.e. TIP, CE and CW), which include xylem ring width. This also explains why the best prediction of the final model is achieved with two principal components. In spring, negative and positive correlations are found with temperature and precipitation, respectively. In contrast, the phenological phases in autumn, representing growth cessation and xylem ring width, show a negative correlation with maximum temperature in August (i.e. the phases occurred later if maximum temperatures were lower), whereas higher minimum temperature and precipitation at the beginning of the year seem to delay the ending of growth.
As expected, more favourable thermal conditions at the low-elevation site PAN explain the longer duration of wood formation. Several studies on different tree species have shown that, in temperate and cold climatic conditions, temperature affects xylem phenology (i.e. earlier onset and later cessation of growth) (e.g. Moser et al. 2010; Seo et al. 2011; Swidrak et al. 2011 ) and rate of cell production (Oladi et al. 2011; Rossi et al. 2014) . In a meta-analysis of wood phenology of coniferous tree species across the northern hemisphere, Rossi et al. (2016) demonstrated a linear relationship between temperature and the phenology of xylem formation. However, we also observed that temperatures and increasing degree days before the occurrence of the most observed phenological phases significantly differed between sites . The different thermal thresholds for the onset of xylem growth may be related to the plasticity of beech and were also demonstrated in leaf phenology (Čufar et al. 2012; Vitasse et al. 2010) .
The high variability in xylem phenology and the dynamics of wood formation across Europe (e.g. Giagli et al. 2016; Martinez del Castillo et al. 2016; Michelot et al. 2012; Semeniuc et al. 2014; Werf van der et al. 2007) show that xylogenesis in beech is influenced by both temperature and precipitation, which affect water availability at the site. In droughtprone environments, water availability may be limiting for xylem growth in beech. Giagli et al. (2016) observed a negative impact of drought on xylogenesis in 2011 at a site in the Czech Republic when the annual precipitation was 344 mm, and cambial cell production ceased almost 1 month earlier than usual due to water limitation. Similarly, Martinez del Castillo et al. (2016) observed shorter durations and lower rates of xylem production at sites with annual precipitation < 700 mm, resulting in reduced xylem increments compared to the more humid Slovenian sites. Our study sites are characterised by a relatively high annual amount of precipitation (1500 mm at the low-and 1800 mm at the high-elevation site), which is evenly distributed during the year. Thus, precipitation, and its observed variability, is unable to influence the wood formation of beech trees at the selected sites (Prislan et al. 2018) . Nevertheless, the model shows a positive correlation between spring phenology and precipitation, with growth reactivation occurring later in years with a higher amount of precipitation. This may be explained by a negative relationship between temperature and precipitation, especially with altitude: during rainy days in spring, temperatures are generally lower (Vaganov et al. 2006) . In autumn, precipitation also positively affects the phenological phases; cessation of enlargement and lignification occur later if the amount of precipitation is higher.
A high and positive correlation is observed between xylem ring width and temperatures between the previous autumn to current spring, associated with a negative effect of precipitation in May. However, dendroclimatological studies across Europe for this species found significant correlations between temperature and precipitation in different months. Differences were observed also along the altitude gradient (Di Filippo et al. 2007; Dittmar et al. 2003) ; in Central Europe, wider growth rings are formed at lowelevation sites in the case of low June and July temperatures and high precipitation, while an opposite trend was observed at high elevation (Di Filippo et al. 2007; Dittmar et al. 2003) . In Slovenia, the change in climatic signal was observed at an elevation of approximately 1000 m a.s.l. (Čufar et al. 2008a; Čufar et al. 2008b ). The differences in monthly climate-growth relationships (correlation coefficients) between PLS regression and the correlation functions used in dendroclimatology (Biondi and Waikul 2004) may be explained by the fact that both sites in our study (low and high elevation) are included in the model and that the chronology series includes just the last 9 years, i.e. the years of the wood formation experiment.
The produced model was applied to a future climate change scenario, which predicts that annual maximum and minimum temperatures over the next six decades (between 2016 and 2066) will increase by 2 and 3°C, respectively, and a change in the distribution of precipitation. According to the model, spring phenological phases may advance by 2 days decade −1 , while phenological phases in autumn will delay by 1.5 days decade −1 . The duration of the growing season is expected to increase by 23 days over the next six decades, resulting in a xylem width larger by 83% and 38% at high-and low-elevation sites, respectively, thus contradicting our hypothesis. Furthermore, our results show that over the next six decades, widths of annual increments at the high-elevation site will be comparable to the increment widths at the low-elevation site (Fig. 4S) . Such information is particularly valuable since it can be used to validate and understand the future climate-growth relationships at the higher elevations. Rossi et al. (2011) found that the duration of xylem growth in black spruce from boreal forests will increase for 35 days with a warming of 3°C in annual temperatures, which is similar to our findings. A model estimation for the leaf phenology for beech on various sites in Europe prepared by Vitasse et al. (2011) predicted that leaf unfolding will occur earlier over the twenty-first century by 0.5 days decade −1 , while leaf senescence will be delayed by 2.3 to 1.4 days decade −1 . Although different climatic factors drive leaf and xylem growth (Čufar et al. 2015) , it seems that higher temperatures (favourable thermal conditions) in combination with sufficient water supply in the future will affect xylem phenology, which will result in wider annual xylem increments. These changes will be more pronounced in spring, with earlier xylem phenology and thereby longer growing seasons (Lupi et al. 2010; Rossi et al. 2014) . However, compared to the current conditions, tree growth will be significantly larger at higher altitude sites with favourable soil conditions (e.g. with sufficient water retention). In addition, our results demonstrate that nighttime temperatures (minimum temperatures) will have a greater impact on xylem phenology and xylem ring width than daytime temperatures (maximum temperatures) or precipitation. The importance of asymmetric warming on meristematic activity has already been emphasised by Rossi and Isabel (2017) , who noticed advanced bud phenology due to nighttime warming, although to a lesser extent than daytime warming. Nevertheless, the occurrence and frequency of extreme weather events (e.g. such as late frosts, heat spells, prolonged drought periods) may increase with climate change (IPCC 2013) . Based on an analysis of national inventory data in north-eastern France, Charru et al. (2010) detected a decline in beech forest productivity due to severe drought events in the past. These findings show that extreme weather events may have a negative impact on the growth of beech in the future and should also be considered in assessments of its future productivity potential. Although these events were not considered in this analysis, they can potentially affect the patterns of wood formation. In the long-term, extreme weather events may negatively affect the growth trends predicted by our model (e.g. Rossi et al. 2011 ). In addition, Oberhuber (2017 demonstrated the effect of water availability and evaporative demand on growth patterns in conifers. Thus, non-linear responses of wood growth to climate change may also occur under extreme thermal conditions (e.g. Rossi et al. 2016 ) because this may affect vapour pressure deficit and, in turn, the transpiration rate of trees. This would consequently negatively affect photosynthetic activity on sites with otherwise sufficient water availability (e.g. Ziaco et al. 2018; Deslauriers et al. 2007 ).
Application of PLS regression
PLS regression has already been used to evaluate the relationships between weather factors and leaf phenology (e.g. Luedeling and Gassner 2012; Yu et al. 2010 ). This was the first attempt to predict the phenology of xylem formation and annual xylem increments in beech with this statistical approach. High correlation coefficients can be found for independent variables, i.e. temperature or precipitation, in months after the occurrence of phenological phase, which is counterintuitive. To avoid this noise, to some extent, the modelling procedure allows the exclusion of predictors with low VIP (variable of importance in projection) factors or low correlation coefficients (e.g. Cox and Gaudard 2013) . However, the produced model proved to have a good predictive capacity, as indicated by high R 2 values during the training and validation procedures. PLS can thus be used to build models to predict phenology, although not necessarily aiming to explain the underlying processes from a mechanistic point of view since the single links between variables still remain unknown.
Phenology and intra-annual dynamics of xylem formation
Nine years of wood formation monitoring in Slovenia showed significant differences in xylem phenology between the two sites and among years. The time difference between the earliest and latest beginning of cell enlargement was on average 9 days at the lowelevation site and 19 days at the high-elevation site. The time difference between the earliest and latest cessation of xylem formation was much larger than with the spring phenological phases, being around 30 days at both sites. However, the beginning of cell enlargement differed significantly between the sites, which is in line with Lupi et al. (2010) , who observed high variability of this phenological phase in black spruce among sites in Canada, confirming its importance in determining the duration of the growing season. The long-term data confirmed our previous observations that onset, duration and cessation of xylem formation differed significantly between the two sites, although the time spans between the successive phenological phases were similar (Prislan et al. 2018) . The beginning of secondary wall formation was in general observed 16 days after the beginning of cell enlargement; cells then needed an additional 32 days to develop fully. After cessation of cambial productivity, the last formed cells needed an additional 26 days to develop fully. Faster differentiation of xylem cells at the end of the growing season had already been confirmed in our previous ultrastructural and topochemical studies (Prislan et al. 2009 ). However, successive xylem cell differentiation phases at the beginning (i.e. BE, BW and BM) and end (i.e. CE and CW) of the growing season are strongly interrelated and follow a clear sequential pattern, which seems to be driven predominantly endogenously (Prislan et al. 2018) . Similar results were also observed in Fagus orientalis (Oladi et al. 2011) .
The growth period at low-and high-elevation sites was on average 139 and 110 days long, respectively. The longer period of xylem growth at the low-elevation site doubled xylem increments (PAN = 1975 ± 815 μm and MEN = 952 ± 412 μm). Similarly, the influence of temperature on xylem formation in beech was clearly demonstrated in studies performed along an altitudinal gradient (Kraus et al. 2016; Oladi et al. 2011; Prislan et al. 2013) . The longest duration of xylogenesis (ca. 160 days) observed in this species was recorded in the northern part of Europe, e.g. in The Netherland's (Werf van der et al. 2007 ). In contrast, the shortest duration of xylogenesis (between 67 and 80 days), due to later onset (at the end of May) and earlier cessation of cell production, was observed by Martinez del Castillo et al. (2016) at the southernmost distribution limit of beech. They also confirmed that the duration of xylogenesis in beech is longer in northern than in southern sites, which proves the influence of latitude, with a characteristic north-south precipitation gradient, and thus water availability, on beech growth (Bolte et al. 2007) .
In addition to the length of the growing season, the rate of cell production determines the annual increment width. We found that xylem ring widths at the low-elevation site depend more on the length of the growing season, while the rate of cell production is more important at the high-elevation site . Similarly, Michelot et al. (2012) found that growth duration of beech in France better described variation in xylem ring width than the rate of cell production. Lupi et al. (2010) , who found the same pattern in black spruce, pointed out that, due to the longer duration of cell production, more cells are formed, which need to complete their development. Since differentiation is a conservative process that requires a more or less fixed time frame, a higher number of produced cells delay the date of growth cessation (Prislan et al. 2009 ). The importance of the rate of cell division at the high-elevation site for the final xylem ring width, however, may be explained by a shorter period favourable for growth (e.g. Gričar et al. 2014; Rossi et al. 2014) , thus representing an adaptation to local environmental conditions (Gregory and Wilson 1968) . This is also in line with the observations by Cuny et al. (2012) that shade-tolerant species favour maximum efficiency in the use of available resources.
Conclusion
Assessment of beech response to climate change, in terms of xylem phenology and width of xylem increments, is important for predicting the future productivity of forests in Central Europe, which are largely dominated by beech. Our model is shown to be a suitable tool for predicting xylem growth. Longer growing periods are predicted by the model with increasing air temperature and decreasing precipitation during the growing season over the next six decades, so the initial hypothesis was rejected. In view of the adaptive capacity of beech, a negative impact of beech growth is nevertheless expected on marginal sites of its distributional area under climate change (Poljanec et al. 2010) . However, in the next decades, the total growing stock may increase on sites with abundant water availability.
